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Chapter-I 
Introduction 
Before, E. Rutherford's experiment of a-scattering in 1911 [1], it was assumed 
that atom was the smallest entity of any structure. But after this experiment, the fact came 
to know that the atom contains itself a positively charged nucleus and electrons revolving 
in shells around it. The nucleus consisting of nucleons (protons and neutrons) in the size 
of the order of fermi is totally responsible for all the mass of an atom. Protons are 
positively charged while neutrons are neutral particles, both have almost equal mass. 
Nuclear reactions are used as an effective tool to study the behaviour of a target nucleus 
at the time of its interaction with the projectile beam. In these reactions, the concept of 
cross-section is used to express the likelihood of any particular interaction. 
A nuclear reaction takes place when the projectile with sufficient kinetic energy 
fuses with the target, resulting in a composite system, known as compound nucleus (CN). 
Its energy is equally distributed among all nucleons and since this may be done in a large 
number of ways, thereby, the CN has a large number of excited states [2]. An excited 
nuclear state gives a resonance, when the energy is brought in by the projectile plus 
capture Q-value coincides with the energy of one of its states. These states are excited 
one by one as the energy of the projectile increases and correspond to resonance. The 
subsequent emission of an ejectile with energy equal to that of the incident one requires a 
concentration of the excitation energy on a single particle through a complicated random 
process which needs a long time. Thus, the CN has a long life time which may be of the 
order of 10" "^  sec. All the possible states corresponding to a given set of quantum 
numbers from single particle to the complex many particle states are equally probable. 
During the sequence of two body nucleon-nucleon interactions, nucleons or 
aggregate of nucleons with a substantial fraction of the total may emit [3]. These 
emissions which may occur before the attainment of the statistical equilibrium are called 
pre-equilibrium emission [4,5]. On the other hand, in a direct reaction (DR), the projectile 
interacts with a single or a few nucleons of the target nucleus in very short time (~ 10' 
sec), therefore, the energy required for the DR process is relatively high [6]. The 
formation of CN and its decay is shown in Fig. 1.1. 
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Fig.1.1. Formation of compound nucleus and its decay. 
Study of nuclear reactions induced by heavy ions (His) is a topic of current 
interest. The term heavy ion is generally used to mean nuclei heavier than the helium 
nucleus. Nuclear reaction can take place only if the two-ion energy ECM in their centre of 
mass system is high enough to overcome the Coulomb barrier, and then the associated 
wavelength [3] 
i -
P"^E,M 
is much less than the nuclear dimensions. In particular, it is appropriate to consider ions 
moving along their classical orbits (shown in Fig.1.2). In such circumstances the 
interaction shows semi-classical features, and this semi-classical nature of the minimal 
distance Tmm between the two interacting ions is simply related to the impact parameter 
'b'by 
nr,^) .1.2 
-CM 
where V(r^„) is the nuclear potential acting between the two ions. 
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Fig. 1.2. Heavy ion induced reactions with respect to impact parameter, 
in different regions 
It is possible to distinguish the various kinds of reactions involved in His on 
account of impact parameter [3]. At very large values of impact parameter (energy of 
incident ion below Coulomb barrier), the projectile interacts only through the Coulomb 
field leading to the distant collision. If the impact parameter is comparable to the sum of 
the radii of interacting His, grazing collision takes place and the projectile can be 
elastically or inelastically scattered. As the value of impact parameter decreases, the 
projectile interacts with the target nucleus at relatively high energy just enough to enter in 
the nuclear range of the interacting nuclei under consideration, the deep inelastic collision 
(DIC) dominates. In such a case, the nuclear densities rise very rapidly in the surface 
region, and a few nucleons may get transferred from one nucleus to the other. Further, at 
still smaller values of impact parameter, the projectile interacts with the target very 
strongly and the phenomena like complete fusion (CF) may take place [7]. 
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In case of CF, the projectile is completely absorbed by the target nucleus, forming 
an excited composite system from which nuclear particles and/or y-rays may be emitted 
subsequently after thermalization. However, in case of ICF, the incident ion is assumed to 
break up into the fragments within the force field of target nucleus. One part of the 
projectile fragment fuses with the target nucleus leading to the formation of the 
incompletely fused composite system, while the remaining part of projectile goes on 
moving almost along the beam direction with approximately beam velocity. This 
incompletely fused excited system may de-excite by the emission of nuclear particles 
and/or y-rays. The possibilities of ICF were first pointed out by Britt and Quinton [8], 
who observed the break up of the incident projectile like '^C, ' V and '^0 in to alpha 
clusters in an interaction with the surface of the target nucleus at ~ 10.5 MeV/nucleon. 
The impact parameter b can be related to the corresponding orbital angular 
momentum E by the classical relation 
in=^vh = ph=nkh 1.3 
where (a is the reduced mass, v and p are the relative velocity and momentum of two 
interacting ions, respectively. It is observed, to a first approximation, the different 
processes dominate at different t-windows and give approximate expressions for the 
reaction cross-sections in the different regions as 
cr,=^ Z(2^ + l)Tf 1.4 
Here, to a good approximation, the transmission coefficient Tf =; 1 for £ < £max, and i = 
1,2,3,4 corresponds to fusion, deep inelastic or break up fusion, peripheral and Coulomb 
reactions, respectively [3]. A typical graphical representation of different reaction 
mechanisms as a function of angular momentum (I) is shown in Fig. 1.3. In this figure the 
solid lines represent the geometrical partial cross-section. The vertical dashed lines 
represent the extension of various C-windows in a sharp cut-off model. The ranges of 
impact parameter and angular momentum associated with different types of heavy ion 
interactions are shown in Table. 1.1. 
Angular Momentum(l) 
Fig.1.3. Typical graphical representation of different reaction mechanisms as 
a function of angular momentum ((). 
Table-1.1. Ranges of impact parameter and angular momentum associated with 
different types of heavy ion interactions. 
Impact parameter (b) 
R L > R N = ( R I + R 2 ) 
R L ~ R N 
R L < R N 
RL < <RN 
Angular momentum(f) 
O C N 
£N > f ^ €DIC 
eDlC>t>tF 
£ < £ F 
Types of interactions 
Rutherford (elastic) 
scattering or Coulomb 
scattering 
Elastic & inelastic 
scattering few-nucleon 
transfer reactions 
Deep inelastic scattering or 
close collision 
Fusion 
The effective potential acting between the two ions is assumed to be a complex 
one body potential [9], of which the real part describing the refraction of the incident 
particle by the nucleus, however, the imaginary part the absorption by all non elastic 
interactions. For the purpose of the following discussion one has to consider only the real 
part of this potential and the centrifugal potential 
V e f f = V N + V c o u l + V , cent 1.5 
The relative contribution of these three potentials depends on the energy, masses and 
charges of the interacting ions. Effective potential for '^O + '^^Ho system as a function of 
relative separation between the interacting partners for different values of angular 
momentum (£) is shown in Fig. 1.4. 
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Fig.1.4. Effective potential for '"O + ' ^ o reaction as a function of relative 
separation between the interacting partners. 
It has been observed that at relatively higher bombarding energies and for input 
angular momentum £ > tcrit [10-15], complete fusion gradually gives a way to incomplete 
fusion. The incomplete momentum transfer events referred to as ICF reactions [14, 16] 
can be understood on the basis of disappearance of pocket in the one-dimensional inter-
6 
nuclear potential energy as the angular momentum increases. This can be observed from 
the Fig.1.4. To reduce the effective angular momentum of the composite system and to 
restore a pocket in the inter-nuclear potential energy, as the entrance channel angular 
momentum is increased, a part of the projectile may escape and carries away some of the 
angular momentum. Hence there is a deficit in the angular momentum of CN, when 
compared with the projectile momentum. Velocity/range distribution [16-18] of the 
residues may also be used to observe an incomplete linear momentum transfer (LMT) 
event. The model of Siwek-Wilczynska [19, 20] assumes that the maximum angular 
momentum (Cent), associated with complete LMT, is given by the disappearance of 
pocket in the one-dimensional inter-nuclear potential energy and does not take in to 
account angular momentum dissipation in the entrance channel. Because of the 
localization of this process in £-space, there is a strong correlation between the captured 
mass and angular momentum/excitation energy of the heavy residue. This prediction 
shows the angular momentum dependence of the ICF reaction. 
There are certain aspects far from being completely understood. As such, the 
study of competition between complete and incomplete fusion is still an open area of 
investigation in nuclear physics. Thus, more and more experimental data is required to 
determine the optimum irradiation conditions for the production yield of various radio-
isotopes for better understanding of the phenomena of CF and ICF of heavy ion systems 
formed in HI reactions. There are some observables, e.g., excitation functions, recoil 
range distributions, angular distributions and spin distributions which are related to CF 
and ICF [21-.24]. With a view to study the reaction mechanism in HI interactions, a 
program of precise measurement of cross-sections for the production of residues due to 
the complete and incomplete fusion processes has been undertaken by our group. In the 
present work the cross-sections for the several residues formed through CF and ICF 
channels in the interaction of 0 + ' ^Ho have been measured in the energy range =; 70-
105 MeV. During the analysis of gamma-ray spectra of various samples, it was observed 
that there is a large number of peaks which could not be assigned to the residues 
populated via CF or ICF processes. In the present work, an attempt has been made to 
assign the gamma-lines to various residues by analyzing the decay curves on the basis of 
half-lives of residues. Interestingly, a large number of gamma-lines were found to be 
present in the spectra which may be emitted from the residues having masses which are 
the characteristics of the evaporated residues. The cross-section data of such products are 
important for the production of specific radio-active ion beams and are required in the 
upgrading of accelerators. These cross-sections are also in demand for the development 
of accelerator driven sub critical reactors popularly known as energy amplifiers. The 
experiment has been performed at the Inter University Accelerator Centre (lUAC), New 
Delhi, India. The details of experiment and technique employed are given in the chapter 
II. The experimental measurements are described in the chapter III. The chapter IV is 
devoted to the computer code. The chapter V of this dissertation deals with the results 
and conclusions of the present measurements. 
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Chapter-II 
Experimental Details 
The activation technique has been employed for the measurement of production 
cross-section of residues produced in the interaction of '^ O +'^ ^Ho at energies == 70-105 
MeV. The experiment was performed at Inter University Accelerator Centre (lUAC), 
New Delhi. 
2.1. Pelletron accelerator 
The pelletron accelerator at lUAC, New Delhi is a 15UD Tandem Van De Graff 
electrostatic type accelerator [1]. A block diagram of pelletron accelerator is shown in 
Fig.2.1. In these accelerators the particles are accelerated by a constant voltage 
difference. It is capable of accelerating any ion from proton to uranium (except of inert 
gases) in the energy range from 10 MeV to a few hundred MeV, depending on ion 
species. This accelerator at lUAC is installed in vertical geometry in a stainless steel tank, 
which is 26.5 m high and 5.5 m in diameter. In the middle of the tank there is a high 
vohage terminal, which can hold potential from 4 to 15 MV (maximum). The terminal is 
connected to the tank vertically with ceramic-titanium accelerating tubes. The tank is 
filled with a high dielectric gas SFe at 8 atmospheric pressure to insulate the high voltage 
terminal from tank wall. A potential gradient is maintained through the accelerating tubes 
from ground potential at the top to the terminal and from the terminal to the ground 
potential at the bottom of the tank. Negative ions of suitable energy from cesium 
sputtering (MC-SNICS) ion source are injected into the accelerator and are accelerated 
towards the positive terminal. In the first stage of acceleration, singly charged negative 
ions from the ion source are accelerated from ground potential to the terminal potential 
VT. The energy gained in first stage of acceleration is eVj. Here, quite a number of 
electrons are stripped from the ions when they go through a stripper foil, and the ions 
become positively charged. The average charge of the ion depends on the type of the ion 
and terminal voltage. If q is the charge on the positive ions after passing through the 
stripper foil, the energy gained by accelerating it from the terminal to the ground 
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potential is now qeVj. Thus, after passing through the two stages of the acceleration, the 
final energy of the ion in eVr is given by 
E = (q+l)eVT .2.1 
Interchangeable - — 
Ion sources 
Ion accelerating 
tube 
High Voltage 
Terminal 
Sulphur Hexa 
Fluoride 
Pellet Chains 
v:j 
Injector Deck 
Injector Magnet 
• ~ -ve ion 
Accelerator Tank 
Charge Stripper 
Equipotential 
Rings 
+ve ion 
Analyzer magnet 
•• To Switching Magnet 
Fig.2.1. A block diagram of Pelletron at lUAC, New Delhi 
These high-energy ions are then passed through the analyzing magnet (which selects the 
desired isotope by m/q ratio) and energy slit which selects the particular ions of the 
desired energy. By switching magnets the beam of ions are then directed towards the 
desired experimental set up area. 
2.2. Activation technique 
Activation technique [2] is based on the formation of the radio-active nuclides as 
a result of interaction between two nuclear particles. By this technique a sample is 
irradiated in a fixed geometry by placing the sample normal to the incident beam to 
minimize the loss of induced activity. After irradiation, several activities may be 
produced in the sample due to the different reactions taking place as a consequence of 
energetic beam interaction. The measurement of the cross-sections for more than one 
reaction may be measured in a single irradiation, thus, reducing the beam time 
requirements. However, this technique is limited only for the reaction products having 
measurable half-lives. The activation technique has many applications in various fields 
such as nuclear research and applied sciences due to its selectivity, sensitivity and 
simplicity. 
The recent growth of activation analysis is mainly due to the advancement in 
detection techniques and nuclear electronics. Although the activation analysis is quite 
simple and accurate but some times it may become complicated due to the presence of 
radiations of slightly different energies for more than one reaction products. The 
activation analysis requires the precise knowledge of energy levels and the deca\ 
schemes of the residual nuclei. The proper choice of the target material, projectile t>pe. 
energy of projectile, time of irradiation and half-life of the induced activities are of 
considerable importance. 
2.3. Target preparation 
In nuclear reactions the target preparation is an important step. The uniformity 
and purity in thickness of the target foils is highly preferable. Hence, self supporting 
'^ ^Ho (natural) samples of thickness lying between = 1.3-1.6 mg/cm^ have been prepared 
with the help of rolling technique. The rolling machine at the target division of lUAC, 
New Delhi, where the samples were prepared is shown in Fig.2.2. The rolling technique 
is the most efficient method to prepare self supporting samples. Mechanical rolling was 
done by sandwiching the material between the mirrors polished stainless steel sheets of 1 
mm thickness and size of 7cm x 5cm. To obtain purity and uniformity in the thickness of 
the sample, the surfaces of the sheets were cleaned with acetone. The distance between 
the two rollers is decreased gradually in many steps to obtain the desired thickness. To 
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prevent sample foil from sticking on the sheets, paraffin was sometimes used as a 
lubricant. The thickness of each sample was measured by gravimetry as well as by alpha-
Fig.2.2. Rolling machine at target laboratory, lUAC, New Delhi 
transmission method [3]. The alpha transmission method is based on the measurement of 
the energy lost by the alpha particle of energy 5.485 MeV from ^ '^Am source while 
passing through the sample. 
.2.4. Irradiation 
In order to obtain the wide energy range, a stack consisting of six samples 
interspersed with aluminum foils (thickness lying between 2.0-2.15 mg/cm ) was 
irradiated in the General Purpose Scattering Chamber (GPSC) shown in Fig.2.3, by O ^ 
beam of energy ~ 105 MeV at lUAC, New Delhi. The diameter of GPSC is about 1.5 
meter and having In-Vacuum Transfer Facility (ITF) of samples, so that the samples may 
be placed inside it without disturbing the vacuum of the chamber. Samples were mounted 
on a target ladder facing the beam and were then placed inside the scattering chamber. 
Two surface barrier detectors were also kept at ±10*^  from the beam diameter to maintain 
13 
the flux of the incident beam. The stack arrangement of the samples is shown in Fig.2.4. 
The irradiation was carried out for about 10 hours, keeping in view the half-lives of 
interest. The beam flux was calculated from the charge collected in the Faraday cup as 
well as from the counts of the two Rutherford monitors. The values thus obtained agree 
Fig.2.3.General Purpose Scattering Chamber (GPSQ at lU AC, New Delhil 
"OBeam-
^^ / Faraday Cup 
rig.2,4. A typical experimental set-up for stack irradiation 
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with each other within 5%. The beam current was about 30-40 nA. The mean energy of 
'^0-ion beam incident on half of the thickness of each sample in the stack has been 
calculated with the help of energy range program SRIM-2008 [4]. 
2.5. Calibration of detector 
Precise calibration of pulse height in terms of absolute gamma energy of the 
photo peaks in a gamma ray spectrum [5] is very important. Precise calibration requires 
standard sources of known strength having gamma energy range that are not quite 
different from those to be measured in the unknown spectrum. To account for these non-
linearities over the whole energy range, it is useful to have multiple calibration peaks at 
various points along the measured energy range. In the present work, a standard source 
''^Eu has been taken for the calibration of the 100 c.c. HPGe detector. '^ ^Eu has a number 
of major gamma rays whose energy cover a range from 122 keV to 1408 keV. A typical 
gamma ray spectrum of Eu source is shown in Fig.2.5. 
1000 2000 3000 4000 
Channel Number 
Fig.2.5. A typical gamma ray spectrum of '^ E^u source 
Keeping the standard source at the desired geometry near the detector, channel numbers 
corresponding to different gamma energies were obtained. The pre-dominant gamma rays 
with their absolute intensities are tabulated in Table.2.1. The energy calibration (channel 
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number versus energy) was obtained by fitting the data to a straight line using a standard 
computer program and is shown in Fig.2.6. Gamma rays of interest in the spectrum of 
irradiated samples were identified using this energy calibration. 
Table 2.1. Channel numbers corresponding to different gamma ray energies 
Gamma 
source 
"'Eu 
Energy (keV) 
121.7 
244.1 
344.4 
367.6 
410.7 
778.8 
867.0 
964.1 
1004.2 
1085.7 
1112.1 
1408.1 
Channel number 
458 
917 
1295 
1352 
1544 
2928 
3264 
3626 
3776 
4082 
4181 
5294 
Source strength 
(So) 
lO/iCiDateof 
Mfg. April 
1999 
1800 
2000 3000 4000 
Channel Number 
6000 
152i Fig.2.6.Caliberation curve of thelOO C.C. HPGe detector with '"'Eu Source. 
2.6. Detector efficiency 
In principle, all radiation detectors will give rise to an output pulse for each 
quantum of radiation within its active volume. For primary particles such as a or /? 
particle interaction in the form of ionization or excitation will take place upon entry of 
the particle into the active volume. Under these conditions the detector is said to have a 
counting efficiency of 100% [5]. On the other hand, uncharged radiation such as neutrons 
or gamma-rays must first undergo a significant interaction in the detector before detection 
is possible because these radiations can travel large distances between interactions. 
Hence, detectors are often less than 100% efficient for these detections. It is convenient 
to subdivide counting efficiency into two classes: absolute and intrinsic efficiency, which 
are dependent not only on the detector properties but also on the details of counting 
geometry (primarily the distance from the source to the detector). These efficiencies are 
defined as: 
_ number of pulses recorded 
number of radiation quanta emitted by source 
_ number of pulses recorded 
e... : \ \ 2.3 int 
number of radiation quanta incident ondet ector 
This efficiency depends on the interaction cross-section of the incident radiation on the 
detector medium. The intrinsic efficiency is, thus, a function of the type of radiation, its 
energy and the detector material. The problem of efficiency is, generally, more important 
for neutral particles [6]. The two efficiencies are simply related for isotropic sources by 
i^nt~ ^aAvf—1' where Q is the solid angle of the detector, seen from actual source 
position. 
It is much more reasonable to tabulate the values of intrinsic rather than absolute 
efficiencies because the geometric dependence is much milder for the intrinsic efficiency. 
The intrinsic photo-peak detection efficiency of gamma ray source can be calculated by 
using the relation: 
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£ = 
s,.e.G 2A 
where C is the count rate under the photo-peak. A, is the decay constant of the source, t is 
time lapsed between start of counting and the date of fabrication of standard gamma-
source, So is the strength of the source at the time of its manufacture, 9 is the absolute 
intensity of relevant gamma ray and G is geometrical factor, which is given by t2/4n. in 
order to avoid the probable error in geometry factor, the relative detection efficiency was 
determined by using the relation: 
C.e" 
E.G S,.9 .2.5 
Experimentally, C was determined for each photo peak for a period of about 5 minutes, 
keeping the Eu source at the desired geometry. The value of So is taken from the data 
supplied by the manufacturer and the values of 0 and ti/2 are taken .from the reference 
[7]. The values of s .G thus obtained are shown in Table 2.2 and plotted as a function of 
energy, using the program origin 6.1, as shown in Fig.2.7. 
Table 2.2.Geometr}' dependent detector efficiency of the 100 c.c.HPGe detector for 
different gamma-rays at different energies. 
Source 
^''Eu 
Gamma 
energy(keV) 
121.7 
244.2 
344.4 
367.6 
410.7 
778.8 
867.0 
964.1 
1004.2 
1085.7 
1112.1 
1408.1 
Intensity 
^(%) 
28.4 
7.5 
26.6 
0.5 
2.2 
13.0 
4.2 
14.5 
0.6 
9.9 
13.6 
20.8 
e.G\ (10"^ ) 
8.9 
3.6 
3.2 
2.4 
2.1 
1.4 
1.2 
1.1 
1.1 
1.0 
1.0 
0.8 
Source 
strength 
(So) 
lOnCi 
Mfg. April 
1999 
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Chapter-m 
Measurements 
A nuclear reaction takes place when an energetic particle comes in contact with a 
target nucleus. Due to this contact there may be a change in the composition and/or 
energy of the target nucleus. The probability of occurrence of a particular nuclear 
reaction is given by the quantity called reaction cross-section and may be defined as the 
number of events of given type X(x,y)Y per unit area per unit target nucleus per unit time 
and is usually denoted by a(x,y). The cross-section is expressed in the units of barn 
which is equal to 10" cm . Mathematically, the reaction cross-section may be 
represented as 
a(x,y) = Number of events of a given type X(x,v)Y/ area 3.1 
NoOt 
where No is the number of nuclei in the target, 0 is the flux of incident beam and t is time 
of irradiation. For the determination of the cross-section of a particular reaction, the 
quantities given in the denominator of the above equation are known from experimental 
arrangement and the quantities in the numerator i.e., the number of events of a given 
type X(x,y)Y are required to be measured. The number of events of a given type may be 
obtained from 
(a) On-line measurements: In this technique, the detection of induced activity is done 
simultaneously with the irradiation of sample. The induced reaction cross-section for a 
particular reaction can be studied by analyzing the emitted particles or prompt gamma ray 
spectra associated with the reaction. 
(b) Off-line measurements: In this technique, the detection of induced activity and the 
irradiation of the target are done separately. This technique is also called activation 
technique because the principle of this technique is to analyze the activity of residual 
nucleus obtained from the particular reaction. 
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3.1. Formulation 
If a sample containing No number of nuclei is irradiated by the beam of flux O, 
the rate of formation of particular activation product is [I], 
N=NotI)Or 3.2 
where Or is the reaction cross-section for the particular channel. The disintegration rate of 
the induced activity in a sample after a time t from the stop of irradiation may be given as 
dN_ 
dt 
[l-exp(-A/,)] 
= N-
exp(i?) 
where ti is the irradiation time and X is the decay constant of the induced activity given as 
-1 ' " 2 
X = 3.4 
The factor [l-exp(-A,t|)] is called the saturation correction factor. It may also be 
considered that some radio-nuclei produced may decay during the irradiation time, 
thereby the number of decays of the induced activity in a very small time may be given as 
[l-exp(-Af,)] 
m = W , , , dt 3.5 
exp(/l/) 
If activity induced in the irradiation is recorded for time duration ts after elapse time t2, 
then the number of nuclei decayed in time between ii to (t2 +t3) may be given as: 
J ; exp(AO 
[l-exp(-A/,)][l-exp(-i/3)] 
/lexpf/l/j) 
Now, if A is the number of counts observed by the detector during the time interval t3, e 
is the detection efficiency of the detector, G is geometry dependent factor, 9 is the 
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absolute intensity of the particular gamma ray and K = ^ —^^^ ^—- is self absorption 
correction factor for the gamma ray in a sample (Here // is gamma ray absorption 
coefficient and d is the thickness of sample in gm/cm^) then C will be: 
C= - 3.7 
{£.G)9K 
Finally from equations 3.2, 3.6 and 3.7 we get 
AXtvp{Xtj) ^ g 
^'' " N,e(j){s.G) ^[l-exp(-A/,)][l-exp(-/l/,)] 
If Yi ± A Yi, Y2 ± A Y2, Y3 ± A Y3, are supposed to be the different measured 
values of the same quantity Y, then the weighted average is given as: 
v_I^^ 
where 
I^  
r.^-, -1-1/2 
The internal error = 1 2 ^ ^ J 
The external error == 
.3.9 
.3.10 
-1/2 
3.11 
3.2. Recording of gamma ray spectra and identification of residues 
In nuclear reactions excited compound nucleus decays by the emission of 
charge particles/neutrons resulting the formation of excited residual nuclei. These excited 
residual nuclei decay to their ground states by emitting characteristic gamma rays. In 
order to determine the production cross-section of the residues, first of all it is desirable 
to identify them. As each radioactive isotope has a unique mode of decay and it comes to 
ground state by emitting characteristic gamma rays the identification of characteristic 
gamma rays and their intensity provides a measure of particular evaporation residue. 
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The most important and major step of the experiment is the recording of the 
gamma ray spectrum of the induced activity in the sample. After the irradiation, the staclc 
of samples was taken out from General Purpose Scattering Chamber (GPSC) with the 
help of In-Vacuum Transfer Facility (ITF). The evaporation residues populated in each 
sample were identified by counting the induced activities using high resolution (2 keV at 
1.332 MeV of ^°Co) HPGe gamma ray spectrometer of lOOc.c. active volume coupled to 
PC through CAMAC based freedom software [2]. A typical gamma ray spectrum of 0 
165 Ho irradiated at ~ 105 MeV is shown in Fig. 3.1. 
10 
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W f m » ^ 
1000 2000 3000 
Channel number 
FigJ.l. A typical gamma-ray spectrum of '^ O + '^ 'Ho system obtained at 105 MeV 
beam energy. 
Various peaks in observed gamma ray spectra were assigned to the different 
evaporation residues on the basis of their characteristic energy of /-rays as well as 
measured half-lives. An attempt has also been made to measure the half-lives of the 
residual nuclei. Typical curves used to determine half-lives of various residues are shown 
in Figs.3.2-3.11. As can be seen from the figures, the measured half-lives of evaporation 
residues are found to be in good agreement with the literature values [3]. In some of the 
radioactive residues, the same residual nucleus may be produced by the activation and by 
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the decay of higher charge isobar precursor nucleus through P^  emission or electron 
capture (EC). In such cases the characteristic gamma ray intensity has contributions from 
both the channels. For such cases, cumulative activity has been measured if the half-life 
of precursor is considerably smaller than that of the residue, by analyzing the induced 
activities at times greater than about eight to ten half-lives of the precursors. 
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The various types of reactions induced by ' 0 on ^^ Ho were observed by detecting the 
characteristic gamma rays obtained from the decay of residual nuclei. The reaction 
channels (residual nucleus unstable) for Ho, which are possible in the energy range 
considered in the present measurements, are listed in the Table 3.1. The other details viz. 
half-life, gamma-ray energies and corresponding intensities are also given in Table 3.1. 
The Q-values of different reactions have been taken from Ref [4] and the other decay 
data from Ref [3]. 
Table.3.l. Nuclear spectroscopic data used for the evaluation of cross-section. 
Reaction 
'"Ho(0,3n)"'Re 
'"Ho(0,4n)'"Re 
'"Ho(0,5n)'"'Re 
'"Ho(0,6n)'"Re 
'"Ho(0,p3n)'"W 
'"Ho(0,p4n)"''W 
'"Ho(0,G;n)"-Ta 
'"Ho{0,a2n)'"Ta 
'"Ho(0,«3n)'' ' 'Ta 
'"Ho(0,a4n)"^Ta 
Half-life 
13.2 m 
14.0 m 
5.2 m 
5.9 m 
2.2 h 
2.3 h 
8.1 h 
10.5 h 
1.2h 
3.6 h 
y -ray energy 
(keV) 
237.2 
197.0 
240.0 
185.4 
115.2 
100.2 
1159.2 
349.0 
206.5 
172.2 
Branch] ng 
ratio (%) 
45.0 
8.4 
48.0 
9.0 
59.0 
73.0 
24.6 
11.4 
57.0 
17.5 
Q-value 
(MeV) 
-48.2 
-55.7 
-64.9 
-72.8 
-51.4 
-58.6 
-57.1 
-64.1 
-72.8 
-80.2 
3.3. Measured cross-sections 
In the present work, an attempt has been made to measure '^0 induced reaction 
cross-sections for the Ho sample between energies ~ 70-105 MeV. A Fortran program 
EXP-SIGMA based on the equations 3.8 to 3.11 was used to calculate cross-sections at 
different energies. The errors [5] quoted in the measured cross-section values are internal 
or external (whichever was greater). Experimentally measured cross-sections at different 
energies for ten reactions namely "^^Ho(0,3n)''^ Re, '^^Ho(0,4n)'^^Re, "^^Ho(0,5n)'^ ''Re, 
'^ ^Ho(0,6n)"="Re, "^^Ho(0,p3n)'^ ^W, '^ =Ho(0,p4n)'^ ^W, "^^Ho(0,an)'^^Ta, 
'"Ho(0,a 2n)'^ ^Ta, '^^Ho(0,a 3n)'^ ^Ta and '*^Ho(0,a 4n)'^ ^Ta are given in Tables 3.2 
and 3.3. 
The cumulative cross-section of the residues W and W is the sum of (/) 
their individual production cross-section and (n) cross-section for the individual 
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production of their precursor multiplied by a numerical coefficient which depends on the 
branching ratio for precursor decay to its residue and half-lives of the precursor and the 
residue. The following decay analysis given by Cavinato et.al. [6] has been used in order 
to obtain the precursor decay contributions. If a precursor P is formed with a cross-
section op, during the irradiation, decays with half-life hii and a branching ratio Pp to a 
daughter nucleus D (which is produced with cross-section OQ) during the irradiation and 
decays with half-life ^/2, the cumulative cross-section ac, for the production of the 
daughter is given by [7]. 
(7c=(7i,+P.,j ^- . C7, 3.12 
-'1/2 h/2 
The branching ratio Pp has been taken from reference [3]. In the Table.3.2 cross-sections 
of residues '"W and '^ ^W i.e. OD, calculated from the equation 3.12 are tabulated. 
Table.3.2. Measured cross-sections for the residues formed via complete fusion (CF) 
l^ab ''^Re(mb) '^ ^Re(mb) '^ ^Re(mb) ''^Re(mb) '^V(mb) '^ ^W(mb) 
72.9 18.5±2.8 - - 15.0±3.2 3.9±1.1 4.3±1.3 
83.8 33.4±5.2 373.3±62,0 119.4±19.3 I61.6±30.9 19.2±5.9 81.9±15.7 
92.3 4.7±0.6 263,0±43.2 303.6±40.4 387.5±71.3 26.5±7.0 94.8±13.2 
96.6 - 227.0±33.9 588.5±89.5 - 23.5±6.6 150.6±24.4 
105,0 - 63.6±11.7 462.4±79.1 - 2.6±0.8 
31 
Table.3.3. Measured cross-sections for the residues formed via complete as well as 
incomplete fusion (ICF) 
E|ab 
72.9 
83.8 
92.3 
96.6 
105.0 
'^ ^Ta(mb) 
-
307.68±0.02 
483.5±1.9 
906.08±20.99 
761.7±17.68 
•^ ^Ta(mb) 
7.62±0.2 
54.7±1.15 
267.5±2.45 
494.73±0.54 
'''*Ta(mb) 
18.ll±0.04 
35.49±0.17 
36.57±0.17 
44.74±1.76 
''^Ta(mb) 
-
11.44±0.14 
57.46±2.45 
83.64±0.36 
111.7±0.18 
3.4. Experimental uncertainties 
The errors involved in the measurement of cross-sections consist of statistical and 
systematic errors. The various sources of errors which may creep in the present 
measurement, their estimation and the step to minimize them, are described in the 
following paragraphs:-
1. Non uniform thickness of the target material and an inaccurate estimate of foil 
thickness may lead to the uncertainty in the determination of number of target nuclei. To 
check the uniformity of the samples, thickness was measured at different positions by 
alpha-transmission method. It is estimated from this analysis that the error in the 
thickness of the sample material is expected to be less than 1%. 
2. Fluctuations in the beam current may resuh in the variation of incident flux. Proper 
care was taken to keep beam current constant and any accidental stop of beam or 
appreciable fluctuation of the beam intensity was recorded and taken care of at the time 
of calculating the total time of irradiation and average beam current. 
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3. In determining the count rate, the dead time may introduce some errors. In the present 
measurements, dead time was kept less than 10% by suitably adjusting sample-detector 
distance. 
4. Uncertainty in the fitting of the efficiency curve (less than 3 percent) and solid angle 
effect (less than 2 percent) may lead to inaccuracy in the measurement of detector 
efficiency. The measured efficiency may be inaccurate on account of the statistical errors 
of counting of the standard source. These were minimized by accumulating the data for a 
longer time. The error in efficiency determination due to the statistical fluctuation in the 
counts is estimated to be less than 2%. 
5. Error in the incident beam energy has been determined by calculating the energy 
spread in half thickness of the sample with the help of Stopping Power Tables of North 
cliffand Schilling [8]. 
6. In addition to all the above systematic errors there will be statistical error in counting 
rate. The error will vary from one to another, depending upon the activities produced in 
the samples. The statistical errors given in the results are larger one of the internal and 
external errors [5]. In general, overall errors in the cross-section lie between 12-30%. 
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Chapter-IV 
Nuclear Model Code 
Computer codes incorporating different nuclear models have been developed 
according to the data needs. Before using a code for data predictions, intensive testing of 
the code is required to verify its validity. In the present work, the statistical model code 
PACE 2 [1] (Projection Angular Momentum Coupled Evaporation version 2) has been 
used for the study of excitation functions of heavy-ion induced reactions. The code 
PACE-2 is a revised version of code JULIAN [1]. It uses Monte Carlo procedure to 
determine the decay sequence of an excited nucleus, using the Hauser-Feshbach 
formalism [2]. The angular momentum projections are calculated at each stage of de-
excitation. The angular momentum conservation is explicitly taken into account at each 
step and the evaporation cross-sections are calculated by using BASS [3] formula. 
The partial cross-section (a 0 for the formation of compound nucleus at a 
particular angular momentum I and specific bombarding energy E is given by 
c7c=;rX'(2£+l)T[ 4.1 
where X is reduced wavelength and the transmission coefficient Te may be given by the 
expression 
Tt=[l+exp(£-Cax)/Ar' 4.2 
where A is the diffuseness parameter and Imax is the maximum amount of £ determined 
by total fusion cross-section (a F). 
o-F= Y,^( 4.3 
t=0 
The optical model potentials of Becchetti and Greenlees [4] are used for calculating the 
transmission coefficients for neutron and proton, and optical model potential of Satchler 
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[5] is used for alpha-particle emissions, in the description of gamma-ray competitions, 
emission of El, E2, Ml and M2 gamma-ray are included and the gamma-rays strength 
for different transitions are taken from tables of Endt [6]. This code has been modified to 
take into account the excitation energy dependence of the level density parameter using 
the prescription of Kataria et al., [7]. In this code, the level density parameter a = A/K is 
one of the important parameters, where A is the mass number of the compound nucleus 
and K is the free parameter. The value of K may be varied to match the experimental 
data. In the present work, a value of K = 8 has been taken. 
A fission decay mode was added using a rotating liquid drop fission barrier 
routine. In addition a dispersion of the initial excitation energy is introduced to account 
for target thickness effects. The level density p (E, J) used in these calculations above 5 
MeV is given by 
/7(E,J)=y9o(U)(2J+l)exp{2[a(U-E,o,(J))]"'} 4.4 
where U = E-P, P is the pairing energy, Erot(J) is obtained from Ref.[8] and /?o(U) was 
taken from the Gilbert and Cameron formalism [9]. At low energies their constant 
temperature formula is used. 
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Chapter-V 
Results and Discussion 
In order to test the validity of various nuclear reaction theories and models, an 
extensive measurement of the excitation functions (EFs) for various target-projectile 
combinations is needed. With this motivation excitation functions of ten residues 
populated via interactions of O + Ho have been measured. Our experimentally 
measured EFs (with solid circles) along with PACE-2 [1] code predictions are displayed 
in Figs.5.1-5.10. The size of the circle includes the uncertainty in the beam energy while 
vertical bars show total error in the measured cross-sections. 
5.1 Complete fusion channels 
5.1.1 Thexn channels 
178 177 176 75T Evaporation residues Re, Re, Re and Re are expected to be formed via 
complete fusion of '^0 with '^ ^Ho by the evaporation of three, four, five and six neutrons, 
respectively, from the excited composite system of '^'Re. The excitation functions for 
these reactions are shown in Figs. 5.1-5.4. 
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It can be observed from these figures that the cross-section increases with the increase of 
energy, attains a maximum and then fall-off with the increase in the energy. The figures 
also show that excitation functions are in good agreement with the theoretical predictions 
based on PACE-2 calculation which is a veritable signature of CF. 
5.1.2 The pjcn channels 
177, 176 W and W evaporation residues are expected to be formed via complete 
fusion of 0 with ' ^Ho followed by the evaporation of one proton and three neutrons 
and one proton and four neutrons, respectively, from the excited composite system '^'Re. 
The excitation functions for these reactions are shown in Figs. 5.5 and 5.6. Again it can 
be seen from the figures that cross-section increases with the increase in energy, attain a 
maximum after which it falls off with increase in energy. The measured cross-sections for 
these residues are higher than the theoretical calculations based on PACE-2 calculations 
because of the precursor contribution [2] from higher charge isobars. After subtracting 
the precursor contribution trend follows the theoretical predictions. 
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5.2 Incomplete fusion channels 
Evaporation residues '^ ^Ta, '^ ^Ta, '^ '*Ta and '^  Ta may be formed via complete 
fusion of '^ O with '^ ^Ho followed by the evaporation of one alpha and one neutron, one 
alpha and two neutrons, one alpha and three neutrons and one alpha and four neutrons, 
respectively. Same residues i.e. '^ ^Ta, '^ ^Ta, ' '^'Ta and '^ '^ Ta may also be formed via 
16. 12 16/ incomplete fusion of 0 (fusion of C fragment if it is assumed that 0 undergoes 
break up into He"^  and '^ C fragments) followed by unfused fragment alpha particle 
moving forward as spectator. Thus, the measured activity of Ta, Ta, Ta and Ta 
will have contributions from both the CF as well as ICF channels. Hence, there is 
enliancement in the measured cross-sections than the PACE-2 predictions. The excitation 
functions for these reactions are shown in Figs. 5.7-5.10. 
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Fig.5.7. Excitation functions of '^ ^Ho(^ 0^,an)''^ ^Ta reaction expected to be 
formed via complete as well as incomplete fusion. 
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Fig.5.9. Excitation functions of ^*^Ho('^ 0,a3n)''^ '*Ta reaction expected to be 
formed via complete as well as incomplete fusion. 
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vl73ri Fig.5.10. Excitation functions of'^ ^Ho('*0,a4n)""'Ta reaction expected to be 
formed via complete as well as incomplete fusion. 
5.3. Incomplete fusion fraction 
Though, it is not a usual practice to obtain directly ICF contribution from the 
excitation function measurements. However, an attempt has been made to find out ICF 
contribution. The experimentally measured cross-sections may be attributed to both CF 
and/or ICF. The PACE-2 calculations correspond to CF values only as ICF is not taken 
into account in this code. The difference in experimentally measured cross-section values 
and the PACE-2 predictions point out the ICF contribution. For '^ O+'^ ^Ho system, the 
contribution coming from all incomplete fusion channels (SOICF) and the sum of all 
fusion channels (SOCF) obtained from PACE-2 calculations are plotted along with the 
total fusion cross-section in the Fig.5.11. It can be seen from the figure, the CF 
component has measurable contribution even at =72 MeV, while ICF contribution seems 
to start from ^^  83.8 MeV. Further,from the Fig.5.11, the separation between the plots for 
axF (solid square) and (ICJCF) (solid triangle) increases with projectile energy which 
indicates that ICF contributes larger production yield at relatively higher projectile 
energies. This may be due to the fact that the probability of the break-up of the incident 
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ion ' O into alpha cluster ( C + He'') increases as the projectile energy increases. In 
addition to it data appears to support the sensitiveness of ICF projectile energy, as 
represented by Morgenstern et al. [3]. To investigate the effect of above variable on the 
10' 
n 
E 
10' 
10' r 
70 
1 
;^^o+"'Ho 
.C.B. = 65.41 MeV 
P " ^ 
: A'^' /' -^ 
/' Cf—^^ 
Jl 
" /' 
• / 
r 
1 
I 
, . - . - * • ' 
0 
A 
• 
1 
!-• --x 1 - ; 
• 
M ' 
;^ 1 -
'• 
' 
' 
1 
S^CP 
H. 
^ P = ^ ° C F + ^ ^ : F -
1 
80 90 100 110 
Fig.5.11. Total fusion cross section (OTF) along with the sum of complete (LOCF) and 
incomplete fusion contributions (LOICF) at different energies for '*0+'*'HO 
system. 
relative contributions of CF and ICF, the percentage ICF fraction (FICF) for '^ O+'^ ^Ho 
system has been estimated from the experimentally measured cross-section as given 
below [4]. 
FicF=^^=^^X100 
(Tr 
• ( 1 ) 
The ICF fraction for '^ O+'^ ^Ho system has been deduced at different energies and is 
plotted as a function of projectile energy [as shown in Fig. 5.12]. It can be seen from the 
figure that at the threshold of ICF (i.e. 83.8 MeV), the relative percentage of ICF fraction 
is found to be 32% of the total fusion cross-section OTF, which increases with the 
projectile energy. At the highest studied energy (i.e. 105 MeV) ICF approaches to be 
45%. 
45 
50 
45 
o40 
o 
.2 
u. O 
35 
30 
C.B. = 65.41 MeV 
80 85 90 95 100 105 
Fig.5.12. Percentage incomplete fusion fraction (FICF) as a function of projectile 
energy. 
5.4. Conclusions 
The excitation functions for ten reactions induced by '^0 incident on ' ^Ho have 
been measured employing activation technique and compared with predictions of code 
PACE-2. Measured xn and pxn channels are consistent with the theoretical calculations 
based on the model code PACE-2. It has been observed that, in general, residues are not 
only populated via CF but ICF is also found to play an important role in the population of 
different reaction products involving directtir -cluster and l^ C at these energies. Further, 
the incomplete fusion fraction from EFs has been estimated and found to be dependent on 
the incident projectile energy. Moreover, for perfect modeling of the ICF process, it 
would be quite desirable to perform more detailed experiments consisting of the 
measurement of spin distribution and residues populated by CF as well as ICF, using 
particle-gamma coincidence technique both at relatively low and high bombarding 
energies. 
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